A β-cyclodextrin bonded silica was synthesized by using a convenient method, and was evaluated as a selective sorbent for the solid-phase extraction of 4-nitrophenol and 2,4-dinitrophenol. When double-distilled water was used as the sample matrix, the sorbent showed a strong capacity to adsorb 4-nitrophenol and 2,4-dinitrophenol; the recoveries were found to be 96% and 99%, respectively, with a 1 L water sample. The selectivity of the sorbent was investigated by using a washing step with methanol. Most of the phenols were washed out with 5 mL of methanol, while 4-nitrophenol and 2,4-dinitrophenol still gave recoveries of 94% and 90%. The solution for efficiently eluting the analytes was optimized and the effect of the inorganic salt on the extraction was examined. In order to investigate the potentiality of the sorbent in dealing with real water samples, water from Donghu lake (Wuhan, China) spiked with nine phenolic compounds at microgram per liter levels were preconcentrated on this cartridge.
Introduction
Nitrophenols have long been analytes of interests in environmental water analysis. Both the European Union and the U.S. Environmental Protection Agency include them in lists of priority pollutants 1 that should be monitored in environmental water. Due to their easy generation processes, 2, 3 they have raised even more concern in recent years, and many materials and methods have been developed for their analysis. [4] [5] [6] [7] [8] [9] As a widely used sample pretreatment method, solid-phase extraction (SPE) has been introduced to determine polar analytes both in their on-line and off-line modes. [7] [8] [9] [10] Nitrophenols belong to this kind of compound and many new materials have been developed for facilitating their trace enrichment. These materials show some superior characteristics over conventional SPE materials, such as alkyl-bonded silica. Functionalized polymeric sorbents, 11, 12 highly cross-linked polymers, [13] [14] [15] graphited carbon black [16] [17] [18] and molecular imprinted polymers (MIPs) [19] [20] [21] are examples of such materials that can offer high efficiency and good recoveries in extracting polar compounds.
Most sorbents used in SPE are suitable for extracting many species of polar analytes. However, there has been much recent interest in developing a selective SPE sorbent that can yield cleaner extracts in the analysis of complex matrixes, such as biological samples and environmental water samples, because they are currently included in the most active research field. Immunosorbents and molecular imprinted polymers are put forward as such sorbents that can provide high selectivity in extracting target molecules or a series of particular compounds. Because they rely on highly selective antigen-antibody interactions, or recognition between the target compound (template) and the "tailor-made" bonding sites, 22, 23 they generate strong interest and have been introduced into SPE both in the on-line and off-line modes. With 4-nitrophenol used as a template, Masque and co-workers 4 synthesized a molecular imprinted polymer that could selectively extract 4-nitrophenol from environmental water spiked with a series phenolic compounds. However, these two selective sorbents have some deficiencies, for example, pure antibodies and "templates" are not easy to obtain, and are often expensive. 23 In addition, these sorbents are not very effective for dealing with relatively smaller molecules, and the whole procedure for the MIP method is complex and time consuming. For these reasons, materials that can be easily obtained or synthesized and have high selectivity are desirable.
β-Cyclodextrin is well known for its inclusion property, and has thus been utilized in catalysis, 24 enzyme mimics, 25 dissolution enhancement, 26 dosage formation 27 and chromatographic separation. [28] [29] [30] [31] With the high selectivity that it provides natively, much research work has been performed with materials containing β-cyclodextrin as adsorbents, as recently reviewed by Crini. 32 Tzou and co-workers also used it to develop an SPE method for determination of digoxin and metabolites in human serum. 33 However, its usage in SPE to concentrate phenolic compounds for analysis based on its inclusion property has not been reported.
From our original work, 29, 34, 35 4-nitrophenol was found to be strongly retained by a β-cyclodextrin stationary phase. This implies that β-cyclodextrin has the possibility to be used as an excellent adsorbent for nitrophenols. In the present work, a β-cyclodextrin bonded silica was synthesized and evaluated as a sorbent for the selective SPE of 4-nitrophenol and 2,4-dinitrophenol. The results indicate that this sorbent could extract 4-nitrophenol and 2,4-dinitrophenol with both high selectivity and efficiency.
Experimental

Chemicals and reagents
The phenolic compounds investigated included catechol, resorcin and 7 priority EPA phenolic compounds: phenol (Ph), 4-nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP), 2-nitrophenol (2-NP), 2,4-dimethylphenol (2,4-DMP), 4-chloro-3-methylphenol (4C3MP), 2,4-dichlorophenol (2,4-DCP). 3-Nitrophenol was used as an internal standard (IS). These phenolic compounds were purchased from various sources and were of analytical reagent grade.
Individual standard solutions of these compounds with a concentration of 1 mg/mL were prepared by dissolving 100 mg of each of the phenols in 100 mL of methanol. A stock composite standard solution of the compounds was prepared by mixing 10 mL of each of the phenolic solution and diluting to 100 mg/L in methanol, from which a working composite solution at various concentrations was diluted appropriately per day. An IS solution was prepared at a concentration of 2 mg/L every day.
The irregular silica gel (20 -30 µm) used to synthesize β-cyclodextrin bonded silica (CDS) was purchased from Qingdao Sea Chemical Plant (Qingdao, China). The surface area of CDS was 213 m 2 /g, determined by an SA3100 Surface Area Analyzer (Beckman, USA). The β-cyclodextrin was obtained from Sigma (St. Louis, MO). The CDS was synthesized according to procedures given in our previous work. 29 An elemental analysis was performed with a Model-1106 elemental analyzer (Carlo Erba, Italy), which gave the percentage of carbon and hydrogen as 9.1, 1.0%, respectively. Thus, the β-cyclodextrin bonded on to the silica was estimated to be 0.158 mmol/g. Methanol, acetonitrile, acetone, acetic acid and other chemicals were also of analytical reagent grade and purchased from various sources. The water used in the experiment was double-distilled water.
Apparatus
The liquid chromatographic system consisted of a Shimadzu LC-10AT liquid chromatographic pump, a Shimadzu SPD-10A spectrophotometric detector (Shimadzu, Tokyo, Japan) and a Rheodyne Model 7125 injector (Cotati, CA, USA) with a 20 µL loop.
The data were processed with a TL-9900 chromatographic working station (Teleh, Beijing, China). The separation was achieved by a 150 × 4.6 mm i.d. stainless-steel analytical column laboratory-packed with Kromasil ODS (5 µm), obtained from Eka Chemicals (Bohus, Sweden).
Off-line SPE was performed with a homemade cartridge packed with 500 mg of CDS. A Y002.30 vacuum pump (Shanghai Medical Instrument Plant, China) was used to provide a negative pressure during the sample percolation. Initially, the cartridge was conditioned with 5 mL of methanol and 5 mL of double-distilled water sequentially at a flow rate of 5 mL/min.
During the conditioning and the sequential extraction process, the cartridge was not allowed to go dry. The sample solution was then loaded and 5 mL of the optimized eluting solution, which consisted of 4.3 mL of methanol and 0.7 mL of NaAc buffer solution, was employed to elute the analytes.
The obtained eluates were concentrated to approximate 1 mL under a gentle stream of nitrogen in a water bath of 60 -70˚C. After adding 1 mL of an internal standard solution, the whole solution was then used for LC quantification.
The measurement of breakthrough curves for phenols was performed with the LC system described above, with the analytical column replaced by a 30 × 2 mm, i.d. stainless-steel column packed with 40 mg of CDS.
Chromatographic conditions
In order to obtain a satisfactory separation and proper retention time for all of the phenols, a chromatographic evaluation for each sample was carried out under two mobile phase conditions, A and B. Mobile phase A consisted of 38% CH3CN, 61% H2O and 1% HAc (v/v), while B consisted of 25% CH3CN, 74% H2O and 1% HAc (v/v), with the pH adjusted by NaOH to 6.0 and 3.5, respectively. First, when the LC system obtained equilibrium in A, the sample was injected and the data for 2,4-DMP, 4C3MP, and 2,4-DCP were recorded. The mobile phase was then changed to B and the sample was injected again and the data for resorcin, catechol, phenol, 4-NP, 2,4-DNP and 2-NP were recorded. The flow rate was kept at 1 mL/min, and all of the phenols were detected at 280 nm.
Results and Discussion
Optimization of the extraction conditions
When dealing with water-sample extraction, a high flow rate is required when a large sample throughput is needed. In an attempt to investigate the effect of a flow rate on the extraction efficiency, the breakthrough curves of these phenols were tested under different flow rates of 1, 3, 5 mL/min, respectively. The phenols were spiked at 1 mg/L so as to provide a reasonable UV response. 4-NP, 2,4-DNP, 2-NP and 2,4-DCP gave the breakthrough volumes (Vb) of 113, 135, 15 and 30 at 1 mL/min, while the values for other phenols were smaller than 10 mL, which was not tested at higher flow rates. When 3 and 5 mL/min were employed, the variation of the Vb for the four phenols was less then 3%, suggesting that the extraction process is hardly influenced by the flow rate, and a rapid extraction with a high sample throughput can be expected. In our experiment, a flow rate of 5 mL/min was employed, which was the highest flow rate that the vacuum pump could provide.
Generally, the extraction performance depends on the sample pH to a certain extent. In our experiment, 250 mL of a sample solution spiked with phenols at 20 µg/L with the pH adjusted to 4, 5, 6 and 7 with acetic acid was investigated. From the results listed in Table 1 , the recovery for 4-NP showed a great decrease when the sample pH dropped to 4, indicating that increasing the amount of the neutral molecular form of 4-NP is unfavorable for the complex interaction, since the specific interaction between 4-NP and β-cyclodextrin is weakened. A similar phenomenon was found for 2-NP, but was not obvious with 2,4-DNP and 2,4-DCP. Other phenols were not calculated, due to a breakthrough happening at this volume. Given the results presented here, The sample solution consisted of 250 mL of double-distilled water spiked with phenols at 20 µg/L, with the pH adjusted by acetic acid. The RSD was calculated from 3 individual experiments.
together with the instability of the bonded silica under basic conditions, the extraction was carried out under neutral conditions.
Calibration curves
Calibration curves were constructed with direct injection in order to evaluate the chromatographic method. The concentration of the phenols investigated ranged over 0.5 -10.0 mg/L, and curves were constructed based on the peak heights. As indicated by Table 2 , a good linearity was obtained for all of the analytes. Under the condition of mobile-phase A, the correlation coefficients for 2,4-DMP, 4C3MP, and 2,4-DCP were in the range of 0.9995 -0.9997, and the detection limits reached 0.2 -0.7 mg/L. However, in the case of mobile-phase B, the correlation coefficients for resorcin, catechol, phenol, 4-NP, 2,4-DNP and 2-NP ranged over 0.9982 -0.9997, with the detection limits obtained as 0.04 -0.7 mg/L.
Optimization of the eluting solution
Among the various steps in the whole SPE procedure, elution is the most essential one, since it decides whether the analytes adsorbed on the sorbent can be collected efficiently for quantification. Therefore, the eluting solution, including the types of the organic solvent and the inorganic salt concentration of the buffer solution added to the organic solvent were optimized. For the sake of obtaining a rapid percolation procedure, the sample solution used in this section was 10 mL of double-distilled water with the phenols spiked at 1 mg/L. The recoveries of 4-nitrophenol and 2,4-dinitrophenol were set as the criteria for evaluating of the eluting solution.
Initially, none of the nitrophenols were collected when eluting with 5 mL of acetone. Then, 0.7 mL of H2O mixed with 4.3 mL of acetone was used as a substitute, and 4-NP and 2-NP were quantified as 85 and 21%, respectively, with a thorough loss of 2,4-DNP. During the experiment, the addition of an inorganic salt to the eluting solution was found to remarkably improve the recoveries for nitrophenols, especially for 2,4-DNP. Thus, an NaCl solution was used in place of H2O at concentrations of 0.025, 0.05, 0.1, 0.5, 0.65 mol/L. The results are given in Fig. 1 . When the concentration of NaCl was varied from 0 to 0.05 mol/L, the recoveries for most of the phenols increased slightly, while the recovery for 2,4-DNP increased dramatically from 0 to 84%. The recoveries for 4-NP and 2,4-DNP continued to increase when higher concentrations of the NaCl solution were utilized. Thus, 0.65 mol/L, which is near to the maximum concentration of the NaCl solution that could be added without separating out, was selected for the elution. These results indicate that the inorganic salt plays an important role in the formation of an inclusion complex between β-cyclodextrin and the analytes; such an effect is discussed in section 3.5.
Acetonitrile and methanol were also investigated as organic solvents selected for the elution, besides acetone. From the recoveries of the nitrophenols listed in the Table 3 , it is obvious that an eluting solution containing methanol gives the best performance, with the smallest RSD for all of the nitrophenols and the highest recoveries for 2-NP. This could be attributed to the different physicochemical property of these solvents. Therefore, methanol was selected for the elution.
Capacity and selectivity of the sorbent for the extraction of 4-NP and 2,4-DNP
The CDS showed a high capacity in adsorbing 4-NP and 2,4-DNP with a large breakthrough volume, indicating that a large sample volume can be used. It can be predicted that a high selectivity can be obtained based on the large difference between these two compounds and other phenols. Therefore, the sample volume together with the washing step were investigated.
Different were investigated; the results are listed in Table 4 . Good recoveries were obtained even when the sample volume reached 1000 mL. The recoveries for 4-NP and 2,4-DNP were almost constant, while those for 2-NP and 2,4-DCP decreased greatly at 1000 mL because of a breakthrough. Other phenols were not detected under this condition.
In an attempt to confirm the high selectivity of the sorbent for extracting 4-NP and 2,4-DNP, a washing step with methanol at different volume was carried out; 2.5 mL and 5 mL of methanol were used to wash the sorbent after 250 mL of a sample solution with phenols spiked at 20 µg/L was percolated. The results are listed in Table 5 , and the chromatograms are shown in Fig. 2 . After washing with 5 mL of methanol, nitrophenols gave satisfactory recoveries, but other phenols were not detected, except for a very small peak of 2,4-DCP. Also, the recoveries just have a small decrease for 4-NP and 2,4-DNP, indicating that its selectivity for 4-NP is higher than the MIP with 4-NP as a template, for which the recovery decreased from 76% to 58% after a washing step. 4 We can thus conclude that a washing step can be used to achieve good selectivity and eliminate the interfering matrix existing in the sample solution at the same time.
The large capacity of CDS to adsorb 4-NP and 2,4-DNP can be reasoned from a chemical structure viewpoint. Both 4-NP and 2,4-DNP have linear structures that can easily penetrate into the cavity of the β-cyclodextrin to form an inclusion complex, and the nitro-group in the para-position of the phenolic hydroxyl group make it easy to form a stable complex by forming a hydrogen bond with the hydroxyl group at the edge of cyclodextrin, 36 that acts as a "lock".
Salt effect
The inorganic salt showed its special influence in the eluting step, suggesting that its presence in the sample solution might have a negative effect on the extraction performance. Thus, the extraction was performed in the presence of various species of inorganic ions at different concentrations. NaCl was selected to investigate the salt concentration ranging from 0 to 0.025 mol/L, corresponding to 0 to 1.461 g/L. The results are shown in Fig. 3 .
An obvious decrease in the recoveries for all of the nitrophenols can be seen in Fig. 3 , which confirms that the inorganic salt has a negative effect on the efficiency of the extraction. However, in the case of NaCl, the recoveries for 4-NP and 2,4-DNP still maintained 80%, even when the concentration of NaCl reached 400 mg/L.
When KCl, NaSO4, CaCl2, which contain the most common ions found in real water samples, were used in place of NaCl and the ion strength of the whole solution was kept at 0.01, the recoveries for nitrophenols were calculated (Fig. 4) . The different recoveries obtained indicate that different ion species have different effect on the extraction. Also, the recoveries decreased especially when SO4 2-was contained in the solution.
From knowledge of conventional reverse-phase SPE, the presence of inorganic ions can increase the extraction efficiency by a salting-out effect. The phenomena observed here show an opposite effect, implying a different retention mechanism from that of reverse-phase SPE. The reasons for the decrease in the recoveries may be the presence of inorganic ions, which change the microenvironment of cyclodextrin, and thus influence the formation of inclusion compounds between cyclodextrin and nitrophenols. According to the work of Taraszewska and coworkers 37 on the influence of inorganic ions on the complexation of o-chloronitrophenol with cyclodextrin by the polarography method, inorganic ions were thought to interact with cyclodextrin. They showed that the anion, such as ClO4 -, could be trapped into the cavity of cyclodextrin by means of 1 HNMR. Thus, the inorganic ions reduced the extraction efficiency by competing with the analytes to form the inclusion complexes with β-cyclodextrin. There was other research work about the interaction between β-cyclodextrin and inorganic ions, which gave a similar conclusion that inorganic ions might interact with either the cavity of the cyclodextrin or the hydroxyl groups on its edge. 38, 39 As is well known, polar analytes, such as nitrophenols, form relatively stable complexes with cyclodextrin by the formation of hydrogen bonding between the nitro-groups and the hydroxyl groups on the edge of β-cyclodextrin. 36 Thus, the 4-NP and 2,4-DNP may be hindered from penetrating into and interaction with β-cyclodextrin when inorganic ions coexist, which results in a reduced extraction efficiency.
Effect of humic acid
The large amount of humic acid present in environmental water is assumed to be the cause of the low recoveries of organic compounds in the reverse-phase or some other SPE cartridges. The negative effect of humic acid on the extraction can be attributed to the adsorption of analytes on to this substance, or a coverage of the binding site caused by the adsorption of humic acid to the sorbent. 5 In order to investigate the potentiality of the sorbent for practical usage, the effect of the humic acid on the extraction efficiency of CDS was accessed.
First, 250 mL of double-distilled water spiked with a commercially available humic acid at 10 mg/L and phenols at 20 µg/L was percolated through the cartridge. The recoveries for 4-NP and 2,4-DNP were found to be 95% and 87%, respectively (RSD was lower than 6% for three individual extractions), suggesting the efficiency of the sorbent just shows a minor decrease due to the existence of humic acid.
The reusability of the sorbent after it is polluted by humic acid was also evaluated after real water sample percolating. A deep brownish color was seen on the cartridge after the cartridge was used 6 times and 8 times (total 1500 mL, 2000 mL real water sample from Donghu lake, respectively), which was caused by the adsorption of humic acid. Then, a sample solution consisting of 250 mL of double-distilled water spiked with phenols at 20 µg/L was tested. The recoveries for 4-NP and 2,4-DNP were 106%, 104% and 103%, 106%, respectively (RSD was lower than 8% for three individual extractions). The result adequately proved that the extraction efficiency of the sorbent is not affected by the adsorption of humic acid; thus, the cartridge is reusable and promising for analyzing real water samples.
SPE of real water samples
The potential of the sorbent for the selective SPE of 4-NP and 2,4-DNP from real water samples was investigated. Donghu lake water samples were chosen for percolating after a filter procedure. First, 250 mL of Donghu lake water spiked with phenols at 20 µg/L was loaded on the cartridge, with the chromatograms shown in Fig. 5 . The recoveries for 4-NP and 2,4-DNP were 63% and 46%, respectively, while other phenols were not detected, except that 2,4-DCP showed a very small peak. Although the selectivity of the sorbent is extraordinary in dealing with real water samples, a decrease in the recoveries of 4-NP and 2,4-DNP is obvious, which might due to the coexisting of the inorganic salt in the real water, and is discussed in section 3.5.
For a further investigation, a real water sample was diluted with the volume kept constant; 125 mL of double-distilled water was added to the same volume of the real water sample and the spiked level was kept at 20 µg/L; thus the concentration of the inorganic salt existing in the real water sample was diluted to half of the original value. The recoveries for 4-NP and 2,4-DNP increased to 79% and 60%, respectively, confirming the negative effect of the inorganic salt on the extraction efficiency to a certain extent. If the volume of the sample solution for real water analyzing was large, increasing the sorbent amount might help to solve this problem.
As for another resolution of this problem, an on-line SPE mode is under consideration. On-line SPE can provide a lower detection limit with a smaller sample volume, because the evaporation and redissolution of the eluates are eliminated, and all of the eluates are completely transferred to the analytical column. 7 Thus, there is no need for the sample volume to be very large to provide sufficient amounts of analytes to give a suitable UV absorbance for quantification. When a relatively smaller sample volume is utilized, the recoveries for the nitrophenols will be improved. Such an extraction performed by an on-line system is under investigation.
Conclusions
The results obtained during the course of this research clearly demonstrated that the β-cyclodextrin bonded silica was successfully utilized in selectively extracting 4-NP and 2,4-DNP.
It could provide a high selectivity, satisfactory recoveries, a large breakthrough volume and thus low detection limits. The eluting step was carefully optimized and satisfying results were obtained by methanol combined with a buffer solution of sodium acetate. The influence of inorganic salt added to the sample solution on the extraction efficiency was also accessed. The mechanism for a decrease in the recovery was discussed, providing a foundation for improving the whole method. The potential of the sorbent for selectively extracting 4-nitrophenol and 2,4-nitrophenol from real water samples was also tested, and a decrease in the recoveries for 4-NP and 2,4-DNP was found. Thus, an improvement was needed and the online SPE form is under consideration.
